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            Abstract
Modality-specific sensory inputs from individual sense organs are processed in parallel in distinct areas of the neocortex. For each sensory modality, input follows a corticoâ€“thalamoâ€“cortical loop in which a â€˜first-orderâ€™ exteroceptive thalamic nucleus sends peripheral input to the primary sensory cortex, which projects back to a â€˜higher orderâ€™ thalamic nucleus that targets a secondary sensory cortex1,2,3,4,5,6. This conserved circuit motif raises the possibility that shared genetic programs exist across sensory modalities. Here we report that, despite their association with distinct sensory modalities, first-order nuclei in mice are genetically homologous across somatosensory, visual, and auditory pathways, as are higher order nuclei. We further reveal peripheral input-dependent control over the transcriptional identity and connectivity of first-order nuclei by showing that input ablation leads to induction of higher-order-type transcriptional programs and rewiring of higher-order-directed descending cortical input to deprived first-order nuclei. These findings uncover an input-dependent genetic logic for the design and plasticity of sensory pathways, in which conserved developmental programs lead to conserved circuit motifs across sensory modalities.
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                    Figure 1: Hierarchical order is the primary determinant of transcriptional identity in somatosensory and visual thalamic nuclei.[image: ]


Figure 2: Peripheral input ablation induces HO-type transcriptional programs in FO nuclei.[image: ]


Figure 3: Enucleation leads to acquisition of LP-directed descending L5B input by deprived LG neurons.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Hierarchical order is the primary determinant of transcriptional identity in somatosensory and visual thalamic nuclei at P0 and P10.
a, â€˜Leave-one-outâ€™ cross-validation analysis confirms the robustness of the support vector machine model at P3. See Methods for details. b, FO versus HO delineation is superior to the S versus V delineation at all levels of stringency. c, Type-specific genes are more differentially expressed between FO and HO nuclei than between S and V nuclei. Fold changes represent ratios of expression between significantly differentially expressed genes for each condition. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; Welchâ€™s two-sample t-test.


Extended Data Figure 2 Hierarchical order-based transcriptional logic applies across sensory modalities.
a, Top, schematic representation of auditory pathways. Bottom left, anterograde labelling from vMG and dMG. Note that in contrast to somatosensory and visual modalities, both nuclei project to L1 and avoid L5A. Bottom right, Illustrative microdissection, acute coronal section. Nuclei were identified by retrograde labelling from A1. b, Unbiased clustering delineates FO and HO nuclei. Shaded ellipse represents 85% confidence area around centroid. Circles represent individual samples. c, Expression of the FO- and HO-specific transcripts (â€˜FO genesâ€™, â€˜HO genesâ€™) in distinct sensory nuclei. Error bars in the right panel indicate s.e.m. d, Unbiased classification using vMG- and dMG-specific transcripts as training sets showed a corresponding hierarchical order-based distribution of somatosensory and visual nuclei. e, f, In situ hybridization on coronal sections showing 8 FO (e) and 13 HO-specific transcripts (f) and their corresponding level of expression in microarray data. P4 in situ hybridization of Slc6a4, Gbx2, Calb2 and Cdhr1 are from the Allen Brain Atlas. P7 in situ hybridization of Sorbs1, Dcdc2a, Gria2, Adarb1, Nefm, Plxcn1, Lypd1, Adcyap1, Sstr4, Prox1, Caln1 and Cit are from the St Jude Brain Gene Expression Map (BGEM, hosted at http://www.gensat.org)31. In situ hybridization for Id2, Cdkn1c, Glra3, Nxph1 and Tcf7l2 are not available within these databases and were performed based on their high fold-change in gene expression in FO versus HO. Scale bar, 200 Î¼m.


Extended Data Figure 3 Acquisition of final FO neuron identity is a periphery-dependent process.
a, Expression of VB and LG peripheral input-dependent genes (highlighted with an asterisk in Fig. 2). b, Top, IONS leads to decreased expression of VB-type genes and increased expression of Po-type genes. Bottom, Enucleation (enu) leads to decreased expression of LG-type genes and increased expression of LP-type genes. c, IONS and enucleation affect overlapping sets of genes. Top, genes whose expression is modified by IONS are congruently affected by enucleation. Bottom, genes whose expression is modified by enucleation are congruently affected by IONS. Expression of input-dependent genes in both condition is thus highly correlated (VBIONS: Pâ€‰<â€‰0.0001; LGenu Pâ€‰<â€‰0.0001). r, regression coefficient. d, P0 IONS or enucleation prevents the induction of transcriptional programs normally observed between P0 and P3. Linear model using gene expression in control VB at P0 and P3 or control LG at P0 and P3 as training sets.


Extended Data Figure 4 HO nucleus identity is largely independent of peripheral input.
a, P0 IONS or enucleation does not detectably affect gene expression in the Po and LP. Linear model using gene expression in corresponding control FO and HO nuclei as training sets. b, Expression of peripheral input-dependent genes in the Po and LP. c, Quantification of the data shown in b. L, left; R, right; Ctl, control; n.s., not significant. Top, **Pâ€‰<â€‰0.01 (Fisherâ€™s exact test); bottom, Pâ€‰=â€‰n.s. (Welchâ€™s two-sample t-test). d, Input ablation does not affect HO developmental dynamics. Pâ€‰=â€‰n.s. (Welchâ€™s two-sample t-test). e, IONS and enucleation affect distinct sets of genes. Top, genes with expression that is modified by IONS are not affected by enucleation. Bottom, genes with expression that is modified by enucleation are not affected by IONS. Expression of input-dependent genes in both condition is thus not correlated (top: PoIONS râ€‰=â€‰âˆ’0.33, Pâ€‰<â€‰0.0001; bottom: LPenu râ€‰=â€‰âˆ’0.11, Pâ€‰=â€‰not significant).


Extended Data Figure 5 Probing L5B connectivity in Rbp4-Cre mice.
a, Top, schematic representation of the experimental setting and hypothesis. Centre, bottom, the presynaptic terminals of L5B neurons were revealed by crossing Rbp4-Cre mice, in which Cre recombinase is selectively expressed by L5B neurons19, with floxed mutants expressing a tomato-red-tagged version of the presynaptic protein synaptophysin (Syp)32. In contrast to normal LG, L5B presynaptic terminals are present in LG following enucleation. b, Top, Rbp4-Cre+ L5B neurons express mCherry. Bottom left, Burst-firing of L5B mCherry+ neurons. Bottom right: example of photocurrents recorded in voltage-clamp during continuous blue-light stimulation and action potentials induced by blue light stimulation. c, Optogenetic stimulation of primary visual cortex L5B input elicits postsynaptic responses in LP control and LPenu. Percentage of connectivity of LP versus LPenu: not significant; Ï‡2 statistics on contingency table. EPSC amplitude (pA): LP (nâ€‰=â€‰14 out of 20), 353.1â€‰Â±â€‰94.6; LPenu (nâ€‰=â€‰22 out of 22), 365.5â€‰Â±â€‰57.9; LG (nâ€‰=â€‰1 out of 23), 8.6; LGenu (nâ€‰=â€‰10 out of 20), 24.5â€‰Â±â€‰13.7. Values are shown as meanâ€‰Â±â€‰s.e.m.





Supplementary information
Supplementary Information
This file contains Supplementary Notes 1-2 and an additional reference. (PDF 118 kb)


Supplementary Table 1
This file contains FO/HO- and Somatosensory/Visual-type transcripts. (XLSX 140 kb)


Supplementary Table 2
This file contains VP/Po, LG/LP, and vMG/dMG-type transcripts. (XLSX 185 kb)


Supplementary Table 3
This file shows input-dependent transcripts in the somatosensory and visual system. (XLSX 168 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Frangeul, L., Pouchelon, G., Telley, L. et al. A cross-modal genetic framework for the development and plasticity of sensory pathways.
                    Nature 538, 96â€“98 (2016). https://doi.org/10.1038/nature19770
Download citation
	Received: 06 June 2016

	Accepted: 16 August 2016

	Published: 26 September 2016

	Issue Date: 06 October 2016

	DOI: https://doi.org/10.1038/nature19770


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        A Thalamocortical Perspective on Sleep Spindle Alterations in Neurodevelopmental Disorders
                                    
                                

                            
                                
                                    	Carolina Gutierrez Herrera
	Leila Tarokh


                                
                                Current Sleep Medicine Reports (2024)

                            
	
                            
                                
                                    
                                        Modular strategy for development of the hierarchical visual network in mice
                                    
                                

                            
                                
                                    	Tomonari Murakami
	Teppei Matsui
	Kenichi Ohki


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        Evolution of central neural circuits: state of the art and perspectives
                                    
                                

                            
                                
                                    	RuairÃ J. V. Roberts
	Sinziana Pop
	Lucia L. Prieto-Godino


                                
                                Nature Reviews Neuroscience (2022)

                            
	
                            
                                
                                    
                                        Precise coupling of the thalamic head-direction system to hippocampal ripples
                                    
                                

                            
                                
                                    	Guillaume Viejo
	Adrien Peyrache


                                
                                Nature Communications (2020)

                            
	
                            
                                
                                    
                                        Anatomically and functionally distinct thalamocortical inputs to primary and secondary mouse whisker somatosensory cortices
                                    
                                

                            
                                
                                    	Sami El-Boustani
	B. Semihcan Sermet
	Carl C. H. Petersen


                                
                                Nature Communications (2020)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Organization of thalamocortical circuitry
In the neocortex, sensory information flows into areas that are specific for a particular modality through parallel thalamocortical circuits, consisting of first-order and higher-order nuclei connecting to primary and secondary cortical areas, respectively. Denis Jabaudon and colleagues identify common developmental genetic programs that organize these conserved features in parallel sensory pathways. Thus, despite functional disparities, somatosensory, visual and auditory pathways share an input-dependent genetic logic.
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